Current study compares the predictions by four different published mechanisms in literature which have been used for 3D compression ignition engine simulations. These four mechanisms use two different sets of surrogates: (a) methyl decanoate, methyl decenoate, and n-heptane, (b) methyl butanoate and n-heptane. . The different reduction techniques implemented to obtain the reduced mechanisms from the detailed mechanisms are briefly described. The surrogate mixture compositions are then modified to match the cetane number of the real biodiesel fuels. The experimental data for comparison include jet-stirred reactor data for species concentrations for biodiesel derived from rapeseed oil and 3-D constant volume combustion data for ignition, combustion, and emission characteristics for soy-derived biodiesel. Simulations with all the mechanisms can capture the general experimental trends quite well. Large surrogate models and mechanisms tend to provide better predictions at the expense of increased computational costs. The 115 species and 460 reaction mechanism was observed to perform the best among the mechanisms in predicting the jet-stirred reactor and 3-D constant volume data.
(MD9D, C 11 H 20 O 2 ), and n-heptane (NHPT) [8] has been developed by the same group. This mechanism contains 3299 species and 10806 reactions.
It is well known that the computation time scales with N 2 to N 3 where is 'N' is the number of species. Simulating more than 200 species with high temporal and spatial resolutions may be cost prohibitive even with high-performance computing clusters. Therefore, it is necessary to reduce the mechanism to eliminate unimportant species and reactions to enable efficient as well as reliable computation. In this study, four published mechanisms are tested and results are compared to measured data. The main objective is to determine which surrogates and mechanisms are suitable to mimic real bio-derived fuels such as soy or rape-seed based biodiesels. Future work is aimed to extend these studies to perform full-cycle 3D compression ignition engine simulations. The main motivation of the current study is to provide academia and industries interested in bio-derived fuels with reliable mechanisms. Table 1 lists number of species and reactions, and the surrogate mixture composition used to mimic the real biodiesel fuel for each of these mechanisms. It should be noted that the mixture compositions for MD, MD9D, and NHPT were suggested by Herbinet et al. [8] . The mixture composition selection for MB + NHPT mixture in mechanism 3 is highlighted in the results and discussion section. The mixture composition for mechanism 4 is suggested by Brakora et al. [4] and is selected to mimic the molecular weight, lower heating value (LHV), and oxygen content of real soy-based biodiesel. Clearly are differences in the MB based mechanisms which is a potential cause for disagreement between simulation results. [3] were reduced using a set of skeletal reduction methods based on directed relation graph (DRG) [9] , DRG-aided sensitivity analysis (DRGASA) [10] and isomer lumping [11] . These mechanisms can also be downloaded from Argonne National Laboratory website [12] . Specifically, chemical reaction states were first sampled under homogeneous conditions over a wide parameter space of pressure, equivalence ratio, and temperature encompassing compression ignition engine conditions. Specifically, the sample space included parameter space of pressures from 1 to 100atm, equivalence ratios from 0.5 to 2.0, initial temperatures from 700 to 1800K for auto-ignition. DRG mapped species coupling to a graph and consequently identified the species strongly coupled to the major species. As discussed in [3] , the time complexity of DRG is a linear function of the size of the detailed mechanism. DRGASA performed sensitivity analysis on ignition and extinction, guided by the species information from DRG and further eliminated unimportant species from the systems. For mechanism in Ref. 1, an error cancellation method was utilized in DRGASA to achieve larger extent of reduction. For fuels of MB and MD, there exist large groups of isomers, which feature the same molecular weight and similar thermodynamic and transport properties. An isomer lumping approach was applied to combine their transport equations such that only the mass fraction of the isomer group, Y K , is tracked, while the concentration of each isomer Yk can be retrieved from Y k using simple linear equations. For mechanism (1), a second round DRG-DRGASA was performed after the isomer lumping. Validations of the reduced mechanisms were performed in homogeneous conditions and their accuracies were measured using the worst case error of ignition delays and extinction residence times over the sampled parameter space. The suite of reduction methods, DRG-DRGASA-isomer lumping, is fully automated.
Mechanism (2) was developed using the DRG with error propagation method [13] (DRGEP), followed by isomer lumping and a second round of DRGEP. DRGEP is a reduction technique that models the geometrically decayed error propagation in DRG. Similar to mechanisms (1) and (3), the reaction states were first sampled under homogeneous conditions. However, though the reduced mechanism was validated over a fairly wide range of parameter space, sampling was conducted at a lean equivalence ratio and low temperature condition (ϕ=0.5 and T=800K) only. It is also noted that the isomer lumping approach is differed from that used for mechanisms (1) and (3) . Instead of lumping isomers into one group, the isomers were represented by a single species, which had the largest reaction flux. Some reaction rate constants were adjusted in this step. Reduction was performed using MD and MD9D fuels separately and the two mechanisms were then combined into a single one, together with a multi-chemistry mechanism that contains oxidation reactions for a variety of fuel species [2] .
Mechanism (4) was developed using less automated strategies. The reduction analysis was based on constant volume SENKIN simulations. Starting from the detailed MB mechanism [7] , insignificant species was identified if its peak mole fraction was less than some pre-specified threshold and removal of the species did not cause a significant error of the ignition delays (less than 25%). Insignificant reaction pathways were identified and removed based on reaction path fluxes. An optimization was then performed to some key reaction rate constants. The reduced MB mechanism was combined with a skeletal n-heptane mechanism, followed by additional adjustments of certain rate parameters. It is noted that the ignition sensitivity and flux analyses involved a trial-and-error process and required human inputs. Additionally, the optimization process involved tuning of some rate constants. This is in contrast to the development of mechanisms (1) and (3), where the retained reactions were not adjusted.
Experimental data for Validation
The four mechanisms are validated against 2 sets of experimental data. The first set of experiments was conducted with rape-seed methyl ester (RME) in a jet stirred reactor (JSR) where key species' mole fraction history versus temperature was measured by Dagaut et al. [14] . Experiments were performed at 1 -10 atm, variable temperature (800 -1400 K), fixed residence times (0.07, 0.1, and 1 s), and for several equivalence ratios (0.25 -1.5). Fuel was highly diluted (0.05% of fuel) and gases were pre-heated before injection in order to reduce temperature gradients inside the sphere reactor.
Another set of experimental data to use for comparison are obtained from Sandia National Laboratories [15] , where a constant-volume, quiescent, pre-burn-type combustion vessel is used to generate hightemperature and high-pressure gases. A premixed combustible mixture is spark-ignited. The combustion products cool over a long time. Once the desired pressure and temperature are reached, the diesel fuel injector is triggered and fuel injection occurs. The experimental conditions are noted in Table 2 . The measured rate of injection (ROI) top-hot profile and the total mass of soy-derived biodiesel injected is 22 mg. The liquid and vapor penetration versus time, liquid length, ignition delay and pressure-rise rate, liftoff length, and quantitative soot volume fraction, and various high-speed movies of combustion data are available to validate the spray and combustion models. Extensive non-reacting spray validations have been performed by the authors in their past publications [16, 17] and hence not shown here. 
Methodology for Simulations
The CHEMKIN package [18] was used for 0-D species mole fraction simulations. Transient solver was applied to account for difference in time scales for evolution of different species in reaction.
Three dimensional spray-combustion simulations for validation were performed in addition to the 0-D and 1-D simulations. The 3-D simulations were performed using the Eulerian-Lagrangian approach in the computational fluid dynamics (CFD) software CONVERGE [19] . It incorporates state-of-the-art models for spray injection, atomization and breakup, turbulence, droplet collision, and coalescence. The gas-phase flow field is described using the Favre-Averaged Navier-Stokes equations in conjunction with the RNG k-ε turbulence model, which includes source terms for the effects of dispersed phase on gas-phase turbulence. These equations are solved using a finite volume solver. The details of these models can be found in previous publications [19, 20] , hence only a brief description is provided here.
Fuel injection is simulated using the blob injection model. Following the injection, Kelvin Helmholtz (KH) and Rayleigh Taylor (RT) models are used to predict the primary and secondary breakup of the computational parcels [20] . A breakup length is used within which the KH model is used to predict the primary breakup. Beyond the breakup length, the KH and RT models compete in breaking up the droplets. A droplet evaporation model based on the Frossling correlation [21] is used in the present simulations. A dynamic drag model is also used postulating that the drag coefficient depends upon the shape of the droplet, which can vary between a sphere and a disk [22] . The effects of turbulence on the droplet are also included, using a stochastic turbulent dispersion model. Kinetic modeling in CONVERGE is performed using the SAGE chemical kinetic solver [23] , and is directly coupled with the gas-phase calculations using a well-stirred reactor model. The soot mass production within a computation cell is determined from a single-step competition between formation and oxidation rates of C 2 H 2 species based on the Hiroyasu model [24] , which has been extensively used in engine-modeling literature.
CONVERGE uses an innovative, modified cut-cell Cartesian method for grid generation. The grid is generated internally to the code at runtime. For all cases, the base grid size was fixed at 2 mm. In order to resolve the flow near the injector, a fixed grid embedding is employed such that the minimum grid size is 0.25 mm. Apart from this region, it is rather difficult to determine a priori where a refined grid is needed. Hence, four levels of adaptive mesh refinement are employed for the velocity field. In order to match the combustion chamber geometry used in the experimental study [15] , a cubical geometry of 108 mm on each side is generated (cf. Fig. 1 ). The zoomed-in view of the fixed embedding region is also shown. The temperature-dependent fuel properties of soy biodiesel, such as density, kinematic viscosity, surface tension, vapor pressure, heat of vaporization, and specific heat, were obtained from Brakora et al. [2] .
Figure 1: Grid generated in CONVERGE at 0.4 ms ASI for combusting sprays described in Table 1 .
Results and Discussion
Prior to performing simulations, the authors investigated the cetane number characteristics of MB and NHPT mixtures. The cetane number of a fuel is a measure of its auto-ignition propensity. The higher cetane number results in lower ignition delay. In general, cetane number of diesel fuel is between 40-45 in North America and between 45-60 for soy-derived biodiesel [26] . The goal was to evaluate what mixtures could mimic pure biodiesel (B100) since the experiments were performed with B100. MB and NHPT were procured and mixed (by volume) in different compositions as shown in Table 3 and the cetane numbers were measured using the ignition quality tester (IQT) at SouthWest Research Institute using ASTM D6890. Table 2 shows the results obtained. It can be seen that 10% MB and 90% NHPT mixture is perhaps best suited to mimic soy-based B100. Hence this mixture composition is used for simulating mechanism 3. Key species concentrations calculated by these four reduced mechanisms are compared to experimental measurements of rape-seed based biodiesel oxidation in jet stirred reactor (JSR) with nitrogen dilution [14] . Figure 2 shows species concentrations from two MD mechanisms (1 and 2) in JSR as a function of temperature for the RME at pressure of 10 atm and residence time of 1 s. Under fuel lean and stoichiometric conditions, both mechanisms show good agreement for O 2 , while mechanism 1 performs better for C 2 H 4 and CO, and mechanism 2 performs better for CO 2 . Figure 3 shows species concentrations from two MB mechanisms (3 and 4) in JSR under the same conditions as Figure 1 . It can be observed that both mechanisms show good agreement for O 2 , while mechanism 3 performs better for C 2 H 4 and CO, and mechanism 4 performs better for CO 2 . Difference in these concentrations between experiments and simulations may partially be due to the different reduction approaches employed in obtained the reduced mechanisms. Another source of discrepancy may be due to the errors associated with the detailed mechanism [8] , although the discrepancies between detailed and reduced mechanism still lie within the same order. As stated in the introduction section, for mechanism 2, DRG reduction was only performed at a lean equivalence ratio and low temperature condition (ϕ=0.5 and T=800K). Thus, some otherwise important species were eliminated, resulting in a smaller mechanism. For mechanism 4, reduction was performed mainly with the goal of maintaining the same ignition delay timing as of that of the LLNL detailed mechanism. This includes adjusting the reaction rate, which might affect concentrations of many species.
When comparing the larger MD, MD9D, and n-heptane based mechanism (1) and MB and n-heptane based mechanism (3), it may be expected that the former should better capture species trends because longer chain length of MD and MD9D mimic the real methyl esters in biodiesel, and MD9D has one double bond that is at the same location as the first double bond in methyl oleate, methyl linoleate, and methyl linolenate [8] . However, in this study, mechanism 3 performs slightly better which is probably due to the fact that mechanism 3 has higher number of species and reactions. Of course, this also means much more computational time in 0D and 3D simulations.
Following validation under 0D homogeneous conditions, this section represents validation under 3D constant volume conditions described earlier. Since liquid penetration, vapor penetration, lift-off length, and ignition delay data will be used for validation of the mechanism, these parameters will be first defined here. In simulations, liquid penetration is defined as the axial location encompassing 97% of the injected mass at that instant of time. Vapor penetration at any time is determined from the farthest downstream location of 0.05% fuel mass-fraction contour. Flame lift-off length is calculated based on the mass fraction calculation of OH radical and is determined by the nearest upstream location of Y OH = 0.05% contour. Ignition delay is defined as the time from start of injection to the time when temperatures above 2000 K are first observed in any computational cell. Following the validation under non-reacting conditions, Table 4 and Figure 5 summarize the ignition delay, flame lift-off length, and equivalence ratio at flame lift-off location at 900K and 1000K against experimental data from Nerva et al. [15] with all the four mechanisms described in table 1. Figure 5 plots the OH mass fraction from all the four mechanisms and compares it with OH-chemiluminescence data from experiments at Sandia [15] . Due to the axi-symmetric nature of the spray and combustion processes, images are presented on a cut-plane through the center of the fuel jet. The flame lift-off location is shown by the red dashed line and the average equivalence ratio at flame lift-off location is also shown. The spray axis is demarcated using a white dashed line. The field of view is 75 mm x 25 mm in the axial and radial directions respectively. It is noted that the definitions used for calculating equivalence ratio values at the lift-off locations are different between experiments and simulations. Equivalence ratio is not a direct measurement from experiments, therefore flame lift-off length values are used in the analytical expressions by Naber and Siebers [27] to obtain the average equivalence ratios. In the present simulations, equivalence ratio is averaged over a transverse line 8mm long at the lift-off location (as shown in Fig. 5 ). The dimension of the transverse line depends upon the width of the flame and is selected to ensure that the significant temperature and equivalence ratio gradients are encompassed. Under both ambient temperature conditions Mechanisms 2 and 4 tend to under predict ignition delay and consequently over predict the flame lift-off length and equivalence ratio. Mechanisms 1 and 3 in general are able to predict these quantities quite well when compared with experimental data. In summary, the reactivity of mechanisms 2 and 4 are higher resulting in faster ignition. Table 4 : Ignition delay, flame lift-off length, and equivalence ratio at lift-off location at ambient temperatures of 900K and 1000K with 4 different mechanisms compared against the experimental data from Sandia National Laboratory [15] . Figure 5 : OH mass fraction contours from simulations using all the mechanisms described in Table 1 compared against OH-chemiluminescence data from experiments at Sandia [15] . Figure 6 presents measured soot volume fraction and predicted soot mass fraction results at 3000 µs for an ambient temperature of 1000K with mechanisms 1 and 3. The corresponding lift-off length location is also represented by the dashed lines. These are the only two mechanisms shown since they were able to capture the experimental trends of ignition delay and lift-off lengths well. It is noted that soot volume fraction distribution could not be obtained from simulations because the density of soot particles is not known. Also, since C 2 H 2 was used as a precursor for soot formation, the simulation results only aim to capture qualitative trends of soot production for biodiesel at different ambient temperatures. At both ambient temperature conditions the location of soot formation and soot distribution is well predicted by both the mechanisms. Considering the fact that the detailed and the skeletal mechanisms were not tuned for the experimental conditions, such discrepancy between predictions and experimental data is quite encouraging. Mechanisms 1 tends to predict more soot compared to mechanism 3 which may be due to the fact that the surrogate mixture for mechanism 1 (MD, MD9D) consists of longer chain methyl esters compared to mechanism 3 (MB). This results in more C 2 H 2 with mechanism 1 (not shown here) which in turn results in higher soot concentrations. Figure 6 : Soot mass fraction contours from simulations using Mechanisms 1 and 3 compared against soot volume fraction distributions from experiments at Sandia [15] at an ambient temperature of 1000K.
Conclusions
Four published bio-diesel mechanisms are compared under identical 0-D and 3-D constant volume simulations. Results are validated against two sets of published experimental measurement data, for key species' mole fraction, ignition delay, flame lift-off length, equivalence ratios at the lift-off length, and OHchemiluminescence data. It is found that mechanism 1 and 3 provide more reliable predictions for MD/MD9D/NHPT and MB/NHPT based bio-diesel surrogate blends, respectively. This may be due to the discrepancies in different mechanism reduction techniques as well as errors associated with the detailed mechanisms. Future studies will involve testing these mechanisms in compression ignition engine conditions and testing against published experimental data. 
